[1] Some 550 years ago (1320-1433 A.D.), a powerful Plinian eruption at El Chichón Volcano in southern Mexico produced a widespread pumice fall deposit. We subdivided the deposit into three parts on the basis of structural and textural characteristics, pumice lithology and density, granulometry, and petrologic-geochemical attributes. The deposit covers an area of 1500 km 2 within the 1-cm isopach and has a minimum estimated bulk volume of 2.8 km 3 (1.1 km 3 dense rock equivalent (DRE)); its eruptive column reached an altitude of $31 km. Consideration of field evidence, the presence and nature of mafic enclaves, and chemical data strongly suggest that the 550 year B.P. eruption is linked with the intrusion of a high-temperature basaltic magma into preexisting but stagnated trachyandesitic magma beneath El Chichón. Thorough mixing of the two magmas produced a compositionally uniform hybrid trachyandesite magma (average SiO 2 55.3 wt %), which subsequently underwent crystal growth and gas exsolution, ultimately overpressurizing the zoned magmatic system to erupt explosively. On the basis of El Chichón's known eruptive history, the intrusion-mixing event occurred sometime after the 900 year B.P. eruption. The hybrid magma had a preeruption temperature of 820-830°C and was water undersaturated (5-6 wt % H 2 O) at pressures of $2-2.5 kbar.
Introduction
[2] Plinian eruptions constitute phenomena of fundamental importance in volcanology that have immediate and far-reaching consequences on the environment. During the last third of the past century, the possibility of using modern methods of observation during Plinian eruptions led to a new understanding of the immediate and external characteristics of such events. What we know about the activity that takes place in the magmatic reservoirs and finally leads to a Plinian eruption is, however, still limited. To contribute to new knowledge in this subject, it is important to procure the information contained in the deposits yielded by ancient eruptions, mostly from volcanoes that have shown frequent episodes of explosive activity. To this class of volcanoes belongs El Chichón volcano, widely known for its violent eruptions of March -April 1982, which destroyed nine villages and killed about 2000 people [Espíndola et al., 2000; Sigurdsson et al., 1984] . The 1982 eruption of El Chichón deposited tephra as far away as the Yucatan Peninsula , and injected sulfur laden aerosols into the stratosphere [Devine et al., 1984; Matson, 1984; Rye et al., 1984] , which circumnavigated the Earth several times and reduced surface global temperatures by $0.5°C [Parker and Brownscombe, 1983] . The global influence of the 1982 El Chichón eruption gained enormous interest when scientist found sulfur-rich spikes in Greenland Ice cores that were correlated with the volcano's past activity [Zielinski, 1995; Zielinski et al., 1997] . The consequences of the 1982 eruption and the inferred characteristics of past eruptions, suggest a large influence of El Chichón eruptions on the ancient Maya culture [Espíndola et al., 2000; Ford and Rose, 1995; Gill, 2000] , and their possible impact on the Classic Maya Collapse [Espíndola et al., 2000; Gill and Keating, 2002] . From a geologic point of view, the presence of anhydrite reported for the first time in juvenile pumice of the 1982 products began an original discussion among scientists regarding the nature of the mineral [Carroll and Rutherford, 1987; Luhr, 1990; Luhr et al., 1984; McGee et al., 1987; Rose et al., 1984] .
[3] The 1982 eruption of El Chichón by stripping the vegetation cover around the volcano exposed old pyroclastic deposits to further erosion and to investigation by volcanologists. Several studies prompted by this event showed that the eruptive episodes in the volcano were rather frequent, with at least 11 eruptions during the last 8000 years [Espíndola et al., 2000; Tilling et al., 1984] . Studies of the pre-1982 deposits have yielded several radiometric ages and fragmentary stratigraphic data; yet the scarcity of outcrops precluded the detailed reconstruction of the parent events. A notable exception is unit B, a pumice fall deposit produced some 550 years ago by a powerful explosive eruption. Tilling et al. [1984] briefly described this deposit for the first time and provided six radiometric ages from carbonized wood contained in the deposit; the ages spanned the range 550 ± 60 to 700 ± 70 years B.P. Espíndola et al. [2000] reported similar ages from their collected samples, described the deposit in more detail, and constructed approximate isopachs. They pointed out that this eruption was probably greater than the one in 1982. In this paper, we present a detailed stratigraphic, depositional, and petrological study of the unit, as well as the reconstruction of the Plinian eruption. We find that the volume of this deposit is in fact an order of magnitude larger than the volume of 1982 fallout layers. In addition, through the study of the internal subdivision of unit B, whole rock chemical analyses, and mineral chemistry of the pumice, we could constrain the preeruptive conditions in the magma reservoir. Finally, we propose a model for the triggering mechanism of the 550 year B.P. eruption in light of recent studies of similar volcanic eruptions.
Previous Work
[4] El Chichón Volcano (17°22 0 N, 93°14 0 W; 1100 m above sea level), the youngest member of the Chiapanecan Volcanic Arc [Damon and Montesinos, 1978] (Figure 1a) , is located at the northwestern margin of the State of Chiapas, Mexico. The volcano consists of a large somma crater with gently dipping outward slopes; the protruding rim of the 1982 crater rises in the center of this crater. This crater is 1 km in diameter, has an average depth of 140 m, and contains a central lake (Figure 1b ). El Chichón lies within an area of folded Late Jurassic-Early Cretaceous marine sedimentary rocks, covered by Tertiary terrigenous formations [Canul et al., 1983] , all affected by left-lateral east-west trending faults [Macías et al., 1997] .
[5] Canul and Rocha [1981] were the first to report past volcanic activity at El Chichó n Volcano. They described old pyroclastic deposits containing carbonized wood; however, they did not report on the age of these materials. Several studies after the eruption reported older deposits and ages. Duffield et al. [1984] reported the first radiocarbon date of $1250 years B.P. for a widespread pyroclastic flow deposit around the volcano. Rose et al. [1984] used this date to present a tentative correlation of volcanic units between the crater and the surrounding apron. Tilling et al. [1984] presented the first composite section of the volcanic history of El Chichón, which included six stratigraphic units and 12 dates obtained either from charcoal or from paleosoils. In their composite section, they labeled the units from A (the youngest, i.e., the 1982 deposits) to F (the oldest, corresponding to the $210 ka somma crater); the 550-year-old pumice air fall was designated as unit B.
[6] Macías [1994] found two additional volcanic events yielding radiocarbon ages 1400 and 900 years B.P. More recently, Espíndola et al. [2000] reported new data and constructed a revised composite stratigraphic column, concluding that the volcano has erupted at least 11 times during the past 8000 years. They also presented a preliminary study of the 550 year B.P. fall unit B deposit, finding that the 10-cm isopach covers approximately an area of 350 km 2 with an estimated volume of 0.42 km 3 and a total mass of 40 Â 10 10 kg. They also estimated that the parent Plinian column reached a height of $20 km. The deposit was initially described as a single fall unit . Espíndola et al. [2000] recognized, however, that at one section the unit was associated with a gray ash flow deposit, which contains disseminated charcoal from which they obtained a 14 C age of 550 ± 60 years B.P. (1320-1433 A.D., at 1s ± calibration).
Stratigraphy of the Deposit
[7] We studied the structural and textural characteristics of unit B at 119 sections around the volcano (Figure 2 ). Unit B overlies Tertiary clay stones in the SE and NW portions of the volcano. At several other localities, unit B overlies a thick dark brown silty paleosoil with abundant pottery shards developed on top of a gray, multilayered pyroclastic flow deposit that was dated at 1200 years B.P. and unit D [Espíndola et al., 2000] .
[8] Unit B is a yellow, pumice-rich, clast-supported fall deposit (Figure 3 ). It has a maximum thickness of 110 cm some 3 km northeast from the volcano (site 17, Figure 2 ). The deposit consists almost entirely (95 vol %) of yellow pumice (whitish on fresh surfaces) with rare gray and banded pumice, crystals, gray dense andesite clasts, clay stone fragments, amphibole cumulates (<2 cm in diameter), and dark gray rounded mafic enclaves (<5 cm in diameter). Both cumulates and mafic enclaves appear either as fragments embedded in pumice or as loose debris in the deposit.
[9] From bottom to top unit B is reverse-to-normal graded with the largest fragments in the middle of the deposit (Figure 4a ). Using this internal size variation, we divided the deposit into three parts, bottom (B1), middle (B2), and top (B3). The upper part of B3 is usually eroded, with the most complete exposures being 5 cm thick and composed of well-sorted, coarse ash particles.
[10] The yellow pumice is porphyritic, containing $12 vol % phenocrysts of plagioclase, hornblende, clinopyroxene, titanomagnetite, rare illmenite, apatite, and sphene set in vesicular glass (Table 1 ). The gray pumices are also porphyritic ($12 vol % phenocrysts) but with larger proportions of hornblende compared to the yellow pumices. The densities of the yellow pumices vary from 0.6 to 0.9 g/cm 3 (vesicularity of 63-74 vol %), while the gray pumices are denser varying from 1.0 to 1.2 g/cm 3 (vesicularity of 51-58 vol %).
Granulometry
[11] Fifty samples belonging to B1 (10), B2 (22), and B3 (18) were sieved in 1f spaced intervals (from À5f (32 mm) to 4f (0.0625 mm)). In most of the sites, we collected the samples from the three parts of the deposit. Representative results are plotted in histograms and cumulative curves of Figures 4b and 4c.
[12] At site 4, we carried out a complete vertical sampling through unit B (Figure 4a ). Here, B1 has a bimodal distribution with modes at À3 and 1f and a median diameter of À2.2f and is poorly sorted. B2 is bimodal with modes at À4 and 1f, has a median diameter of À1.7f, and is poorly sorted. At other sites such as 176, B2 is unimodal and typical of pyroclastic fall deposits [Walker, 1971] . B3 is unimodal and has a mode of 1f, a median diameter of À0.5f, but is poorly sorted (Figures 4a and 4b) . At some sites a second mode appears in B3 histograms, which often ECV lies either at À4f or at À3f (site 176, Figure 4b ). The bimodal distribution of the curve is likely related to strong winds acting during the eruption. Cumulative curves for B1, B2, and B3 at sites 4 and 120 exhibit a significant decrease in grain size with distance from the vent as can be observed in Figure 4c .
Areal Distribution and Volume
[13] The deposit of unit B forms a blanket around the volcano (Figure 5a ). The best exposures of unit B are in the outskirts of Volcán village, Chapultenango, and Carmen Tonapac, at distances between 5 and 10 km from the source. Beyond 13 km, most of the deposit has been removed by erosion. Most exposures thinner than 10 cm are reworked with individual pumice fragments incorporated into immature soils or silty layers. Nonetheless, we were able to construct reasonably well constrained isopach maps (Figure 5a ).
[14] Isopachs of layer B show two main dispersal axes. Close to the crater (<4 km from the source) the dispersal was almost to the east; however beyond 4 km the dispersal appears to shift to N30°E. This latter orientation coincides with the dispersal axes of 1982 eruptive units [Carey and Sparks, 1986; Sigurdsson et al., 1984] .
[15] The 20-cm isopach covers a minimum area of 240 km 2 including the towns of Chapultenango, Guadalupe Victoria, Carmen Tonapac, Vicente Guerrero, Xochimilco, and other small settlements. It is worth noticing that those localities received only $2 cm of tephra fall from the 1982 eruption . By using the extrapolated Ln thickness versus the square root of the area (A 1/2 ) enclosed by the isopachs [Pyle, 1989] , we obtained a maximum thickness of 118 cm for the deposit, which agrees well with the 110 cm measured in the field. In addition, we Major and trace elements analyzed by inductively coupled plasma mass spectrometry (ICP-MS) and instrumental neutron activation analysis (INAA) (<0.01% major elements; Ba, 50 ppm; Cr, Pb, Nb, V, and Rb, 2 ppm; Ni, Sc, Sr, Y, and Zr, 1 ppm; Cu, Zn and Ta, 0.5 ppm; Hf and Th, 0.2 ppm; U, 0.1 ppm; La, Ce, Nd, Sm, Tb and Yb, 0.1 ppm; Eu, 0.05 ppm, detection limits) at Activation Laboratories, Ancaster, Canada. B1, B2, B3, BG (unit B), CHI99SAT, and CHI0101 (mafic enclaves) are samples analyzed in this study. CHI9550 (unit B) is from Espíndola et al. [2000] ; 1A (unit B) is from McGee et al. [1987] . Isotopic analyses performed on a Finnigan MAT 262 Mass Spectrometer, LUGIS, Instituto de Geofísica, UNAM. Measured values for Sr and Nd, laboratory standards are SRM987 = 0.710233 ± 17 and for La Jolla, 0.511881 ± 22, where the last two decimals units are n, number of analyses. Analyses were performed by T. Treviño, G. Solís, J. Morales, and M. Hernández. The modal analysis was carried out by counting 800 -1000 points. Abbreviations are Plag, plagioclase; Cpx, clinopyroxene; Amp, amphibole; Oxi, Fe-Ti oxides; Vs, vesicles; ph, phenocrysts; mph, microphenocrysts; Gmass, groundmass; nd, not determined. calculated an extrapolated area of 1475 km 2 for the 1-cm isopach.
[16] The volume of the unit B deposit, determined using the method of Fierstein and Nathenson [1992] . It thus appears that the eruption of unit B produced an equivalent amount of material as the entire 1982 eruption, which consisted of three Plinian events accompanied by pyroclastic [Carey and Sparks, 1986] , showing that the 550 year B.P. eruption of El Chichón Volcano occurred under strong wind conditions similarly to the Plinian phases of the 1982 eruption. (b) Modified mass eruption rate versus total column height diagram for tropical latitudes (method of Sparks [1986] ). Assuming an average temperature of 800°C for the unit B magma, and a column height of 31 km, a mass discharge rate of 10 8 kg/s is obtained.
flows and surges. Using an average density of 0.96 g/cm 3 for the deposit, and a total volume of 28 Â 10 8 m 3 , a total mass of 1.05 Â 10 12 kg was ejected during the eruption. This figure is less than the total mass of the 1982 eruption of 2.9 Â 10 12 kg as recalculated by Luhr and Logan [2002] .
Column Height and Mass Eruption Rate
[17] The theoretical height of the eruptive column can be calculated from an isopleth lithic map, using the method of Carey and Sparks [1986] . At each outcrop we measured the major axis of the five largest lithics and the average value was used to construct the isopleth map of Figure 5b . The distribution is elongated with an axis oriented approximately 80°to the east. Assuming an average density of 2.5 g/cm 3 for the lithic fragments, we obtained a column height of 31 km and a wind speed of 25 m/s, which is similar to the measured winds during the phreato-Plinian phase of the 1982 eruption of 26 m/s [Carey and Sigurdsson, 1986] , and those inferred for the Bas et al., 1986 ] the mafic enclaves fall in the trachybasalt and basalt fields, while the pumice and glass of unit B are trachyandesitic and rhyolitic, respectively. (b) Samples fall in the high-K field of calc-alkaline series [Gill, 1981] . (c -g) Harker diagrams of selected major elements.
1902 Santa María eruption [Williams and Self, 1983] of 17 m/s [Carey and Sparks, 1986] (Figure 6a ).
[18] We estimated mass eruption rate (MER) from column height and eruption temperature, using the analysis of Sparks [1986] (Figure 6b ). Assuming an eruption temperature of 800°C (see section 7.2.4), a column height of 31 km corresponds to a mass eruption rate of 10 8 kg/s. Carey and Sigurdsson [1989] deduced from the study of 45 Plinian eruptions worldwide that this eruption rate would produce only small-volume pyroclastic flows or none at all. This agrees with our observations of the deposits associated to unit B.
Geochemistry

Whole Rock Composition
[19] Unit B pumice samples are trachyandesitic in composition (Table 1) and plot in the high-K field for calcalkaline rocks [Gill, 1981] (Figure 7b ). No variations were found between yellow (55.1-55.4 wt % SiO 2 ) and gray pumice (55.7 wt % SiO 2 ), for which the color variations are due to the different proportions of hornblende in the samples and their vesicularity. Hereafter, we compare the composition of unit B with 1982 eruptive products [McGee et al., 1987; Rose et al., 1984; Sigurdsson et al., 1984] and with older products of the volcano [Espíndola et al., 2000] Figure 8 ).
[20] Mafic enclaves found within unit B appear as loose subrounded fragments, similar to those found in the Guayabal Tuff Cone [Macías, 1994] , an older volcanic structure located southeast of the 1982 crater (Figure 2 ). These latter enclaves have pillow-like, crenulated, and drop-like forms with chilled margins (Figure 9 ) and are associated with sandstone and limestone xenoliths, all hosted in trachyandesite dome rocks [Espíndola et al., 2000] . Unit B enclave (CHI0101), and the enclave from the Guayabal Tuff Cone (CHI99SAT) Figure 8 ).
Mineralogy
[21] Modal analyses of pumice samples were obtained by counting 748 -1200 points. Each crystal was classified according to its size as ph, phenocryst >0.3 mm; mph, microphenocryst >0.03 mm and <0.3 mm; and Gmass, groundmass including microlites and glass. Microprobe analyses in individual crystals were carried out from core (c) to interior (i) to rim (r). 7.2.1. Plagioclase
[22] Plagioclase is present as euhedral to anhedral phenocrysts (<4 mm) and microphenocrysts in proportions of 6-12 vol % (Figures 10a -10c) . Normal, reverse, or oscillatory zonings occur in the phenocrysts (Figure 10d) , with compositions varying between andesine and labradorite, and rarely bytownite (Table 2 and Figure 11 ).
[ . Notice that the mafic enclave has a slightly higher Sr isotopic ratio than the unit B Chichón sample. [24] Some microlites of plagioclase were found as inclusions within hornblende phenocrysts, and have compositions of An 40 -48 . In contrast, discrete microlites in the groundmass are anorthite-rich, with composition of An 60 -75 .
Hornblende
[25] The most abundant mafic mineral is hornblende, occurring mainly as phenocrysts (<3 mm) in concentrations of $2 vol % (Figure 10c ). Hornblende is relatively uniform in composition, with little variation between crystals (Table 3) . Overall, hornblende falls in the field of magnesian hastingsite, but two crystals have a tschermakitic composition.
Pyroxene
[26] Anhedral to subhedral clinopyroxene is present as phenocrysts (<3 mm, 2 vol %, Figure 10c ), microphenocrysts, and rare microlites. Both normal and sector zoning are found (Table 4 and Figure 12 ). Some pyroxenes appear broken and partially resorbed. All analyzed crystals are diopsidic, with En 36 -46 cores, En 37 rims, and En 34 -46 microphenocrysts ( Figure 12 ). Samples from B2 and B3 have fewer diopside phenocrysts compared to B1 (Table 4 and Figure 10c ).
Fe-Ti Oxides and Geothermometry
[27] Anhedral titanomagnetite microphenocrysts are disseminated in the groundmass and occur as inclusions within plagioclase, hornblende, and pyroxene phenocrysts ( Figure 10c and Table 5 ). Ilmenite crystals were found only in B2.
[28] Temperatures and oxygen fugacity were calculated from coexisting ilmenite (60 -66% X 0 Ilm) and titanomagnetite (16 -19% X 0 Usp ) in sample (B2), following the method of Andersen and Lindsley [1988] and the mineral recalculation model of Stormer [1983] . The Fe-Ti oxides met the Mg-Mn equilibrium conditions of Bacon and Hirshmann [1988] . Oxide pairs yield temperatures of 820 to 830°C and oxygen fugacities in the range of À11.08 to À11.02. At those temperatures the oxygen fugacities are about 2.2 and 2.4 log units above the NNO buffer. The temperature agrees with the calculated values for the 1982 magma: 750-850°C [Rye et al., 1984] , 785°C ± 23 , and 800°C [Luhr, 1990] .
Groundmass and Water Contents
[29] The groundmass is composed mainly of light brown glass, vesicles, and plagioclase microlites. The glass is rhyolitic in composition, with 6 -10 wt % alkalies and 66.6-69.6 wt % SiO 2 (Table 6 ) and plots in the K-rich field of the calc-alkaline series (Figure 7 ). Plagioclase microlites are compositionally equivalent to phenocryst rims and microphenocrysts. Using the method of Housh and Luhr [1991] , we estimate a preeruptive water concentration in the melt of 820-830°C of 5 -6 wt %.
Apatite and Sphene
[30] Euhedral apatite crystals (<0.03 mm) are present in plagioclase phenocrysts and as rare microphenocrysts in the groundmass. Apatites are rich in F (2.43-2.22 wt %), with 0.53-0.61 wt % Cl and 0.33 wt % SO 3 (Table 7) , similar abundances to those reported for apatites in the 1982 magma . Sphene is present as discrete microphenocrysts (<1 mm) dispersed in the groundmass of all samples. The analyzed sphenes have compositions similar to those reported for the 1982 pumice but may be slightly enriched in CaO and slightly depleted in SiO 2 and TiO 2 (Table 7) .
Discussion
Episodes of Magma Recharge
[31] About 900 years ago, El Chichón Volcano explosively erupted producing a trachyandesitic pumice flow around the crater (56.7% SiO 2 , unit C [Espíndola et al., 2000] ). According to the known history of El Chichón, no other eruptions occurred between the 900 and the 550 year B.P. events. The absence of block-and-ash flow deposits linked to the volcanic stratigraphy of unit B suggests that [32] On the basis of our results we propose that before the 550 year B.P. eruption, the 900 year B.P. trachyandesitic magma residing beneath El Chichón was intruded by a hotter, more mafic magma of basaltic composition producing a hybrid trachyandesitic magma. Evidence for this comes first from the presence of mafic enclaves (46.7 wt % SiO 2 ) within unit B and from the zoning patterns and chemical variations between cores and rims in plagioclase phenocrysts (An 40 -53c , An 59 -60i , and An 41 -53r ) (Table 2 and Figure 11 ). Our results concur with signs of mineral and isotopic disequilibrium reported at the volcano by previous authors. McGee et al. [1987] described complex zoning of plagioclase phenocrysts associated with anorthite spikes and inclusion-rich zones of silicate glass and gas. Tilling and Arth [1994] described phenocryst phases that are not in isotopic equilibrium (clinopyroxene, apatite, anhydrite, and plagioclase). Espíndola et al. [2000] reported mafic enclaves of basaltic composition (46.4 wt % SiO 2 ) hosted in trachyandesite rocks of the Guayabal Tuff Cone. Those mafic enclaves, along with the Chapultenango trachybasalt (47.9 wt % SiO 2 ) and the enclaves found in unit B (this work) represent the most mafic rocks recognized at the volcano [Espíndola et al., 2000] . Tepley et al. [2000] measured isotopic transects from core to rim in zoned plagioclase phenocrysts from the 1982 and the $210 ka eruptions (unit O [Espíndola et al., 2000] Sr ratios and high Sr concentrations into cooler preexisting magmas. Those magmas homogenized, producing compositionally homogeneous hybrids. Comparable results were obtained through in situ laser ablation isotopic analysis of plagioclase crystals of El Chichón . [Richard, 1995] . MINPET pyroxene end-members are recalculated using the method of Cawthorn and Collerson [1974]. b FeO obtained by micropobe analysis.
[33] The compositional gap observed between the trachyandesite and trachybasalt products of El Chichón Volcano [Espíndola et al., 2000; this work] , and the compositional homogeneity of the 550 year B.P. rocks indicate that melts involved in the mixing process had enough time to hybridize. The time required needs not to be long, as experimentally demonstrated by Kouchi and Sunagawa [1985] , who observed complete mixing of andesitic and dacitic melts in a few hours. Magmatic water content between 2 and 4 wt % as reported for the 1982 eruption McGee et al., 1987] would have reduced the viscosity of the magma, thereby improving mixing efficiency . The mixing efficiency, however, is dependent upon the mixing proportions of the two end-members [Koyaguchi, 1986] . In the case of the 550 year B.P. eruption, we performed petrologic mixing calculations with the IGPET software that uses the least squares regression of major elements of Bryan et al. [1969] . Considering intervals of 10% of mixing between these magmas, the hybrid magma formation would require $90 vol % of the stagnated trachyandesitic magma to mix with 10 vol % of the hotter basaltic melt. In the case of the 550 year B.P. eruption, compositional homogenization would have occurred only if the equilibrium temperature between the two melts was sufficiently higher than the solidus temperature of the mafic magma. If this last condition had not been satisfied, the mafic magma would have been disaggregated into droplets (enclaves) in the cooler preexisting magma.
Preeruptive Conditions of the Hybrid Magma
[34] Ongoing hydrothermal experiments with pumice samples of unit B suggest that, prior to the eruption, the magma equilibrated at pressures around 2 -2.5 kbar ($6-7.5 km) (J. E. Gardner, personal communication, 2001 ). These pressure conditions are slightly higher than the experimentally obtained of value $2 kbar for the 1982 eruption [Luhr, 1990] . The seismicity associated with the 1982 eruption [Jimenez et al., 1999] shows a quiescent zone between 7 and 13 km below the volcano in the seismicity preceding the eruption that might represent a deeper magma reservoir ( Figure 13 ). These observations indicate that the location of El Chichón magma reservoir may have shifted slightly from the 550 year B.P. to the 1982 eruption toward shallower depths. A similar magma migration with time was demonstrated experimentally for magmas of the last 4000 years at Mount St. Helens .
[35] It is reasonable to consider that the 550 year B.P. hybrid magma stagnated at depths $6 -7.5 km below the summit at a temperature of 820-830°C and had H 2 O contents of 5 -6 wt %, allowing plagioclase, hornblende, and clinopyroxene to crystallize. The essentially uniform compositions of hornblende and clinopyroxene suggest that the hybrid magma did not experience further injections but rather evolved allowing crystal growth under stable conditions. Crystal growth and gas exsolution, increased the proportions of gas bubbles that overpressurize the system leading to the explosive eruption [Bower and Woods, 1997; Eichelberger, 1995; Tait et al., 1998 ].
[36] However, several volatile species must have played a significant role in the dynamics of the system for the estimated temperature and pressure conditions; the 550 year B.P. magma was undersaturated in water ($80%) [Wallace and Anderson, 2000] . Experimental data obtained for magmas erupted at Mount St Helens indicated that many of the dacitic magmas were also significantly undersaturated in water [Rutherford and Devine, 1988] . Rutherford and Devine concluded that an excess vapor phase was present before the eruption. The high sulfur emissions recorded during the 1982 Chichón eruption [Rye et al., 1984] suggest that SO 2 and/or CO 2 could have also been present during the 550 year B.P. eruption. Excess CO 2 can be explained by repeated injections of basaltic magma into the magma system [Fogel and Rutherford, 1990] and excess SO 2 by the interaction of the magma with Mesozoic evaporites underneath El Chichón Rye et al., 1984] .
[37] The vesicularity of the pumice fragments ranges greatly (51 -74 vol %) and records the overpressurization In weight percent. Analyses were performed on the Jeol JXA-8600 electron microprobe at the CNR-Florence University. Analyses were performed with a focused beam of 5 or 10 mm in diameter; gg1, glass in the groundmass. of the magma system upon eruption, overlapping the proposed range for pumice disruption in explosive eruptions [Gardner et al., 1996] . Yellow and gray pumice of unit B has two populations of bubbles that might record two distinct processes. Large irregular-shaped vesicles might have exsolved and coalesced within the magma reservoir, whereas the small semirounded vesicles might be the product of nucleation during sudden decompression of the magmatic system, as experimentally demonstrated [Gardner et al., 1999] .
Hazard Implications
[38] Nowadays, the area blanketed by the 550 fallout layer is occupied by many small villages and several larger towns, with a total population of about 66,000 people. For comparison, these towns were covered by only 3 cm of fallout (A1) from the 1982 eruption. If we consider the fine ash transported by predominant winds during the 1982 eruption, we should recall that a dense cloud of ash darkened Villahermosa, the capital city of the State of Tabasco, at midday during 29 March 1982. Furthermore, a large part of the Yucatan peninsula was obscured by farreaching ash, affecting the important cities of Campeche, Merida, and Chetumal. The 1-mm isopach of the eruption covered an area of 45,000 km 2 , affecting many cities of the region as Villahermosa and Palenque . Because the 550 year B.P. eruption was at least 1 order of magnitude larger than the 1982 air fall events, these cities would be affected by an estimated 2 cm of ash. The disruption caused by the 550 year B.P. eruption caused a great impact to the prehispanic centers located in the area, but no legends or archaeological evidence of abandonment of the area are known. In fact, such a big eruption in proximity of important cultures such as the postclassical Maya, must have had a serious impact on their development, and thus have important bearing on archeological studies in the area. It is interesting to note that such events as the 1450 -1454 A.D. drought followed by famine in the Yucatan peninsula are well recorded [Ford and Rose, 1995; Gill, 2000] . As we have seen the eruption investigated in this work occurred sometime in the period 1320 -1433 (at 1s ± calibration [Espíndola et al., 2000] ). A Plinian eruption of this magnitude would affect extensive areas within a radius of 30 km around the volcano, posing a serious volcanic hazard to more than 66,000 inhabitants.
Conclusions
[39] The last explosive eruption at El Chichón Volcano before the 1982 event occurred $550 years ago. This eruption started under open vent conditions with the generation of minor pyroclastic flows, which ultimately opened the magma conduit and gave rise to a Plinian column that rose to a height of 31 km. The fallout from this plume was dispersed by predominant NE 30°winds, producing tephra deposits with a total volume of $1.1 km 3 DRE.
[40] The eruption was triggered by a magma-mixing event involving the injection of a hot mafic magma into a cooler stagnating trachyandesite magma. The mixing produced a hybrid trachyandesitic magma that then evolved in the reservoir, allowing crystal growth and gas exsolution, which increased the proportions of gas bubbles, and ultimately led to the explosive eruption. Before the eruption, the magma was in equilibrium at a temperature between 820 and 830°C, and pressures of $2 -2.5 kbar (6 -7.5 km below the volcano).
[41] The 550 year B.P. event was 1 order magnitude larger than the Plinian events of the 1982 eruption. Comparison between data from both the 550 year B.P. and 1982 Figure 13 . Cartoon illustrating the storage conditions beneath El Chichón Volcano before major explosive events 550 years ago and in 1982 (see text discussion). References are 1, Carey and Sigurdsson [1986] ; 2, Jimenez et al. [1999] ; 3, Luhr et al. [1984] ; and 4, Luhr [1990] .
eruptions makes clear that it is important to know the evolution and behavior of the magma system between eruptions.
